Defining the problem and identifying the need for a simple strategy
===================================================================

Chronic complex conditions have long been major causes of morbidity and mortality in the developed world and with increasing affluence are increasing in their prevalence worldwide (<http://www.who.int/chp/chronic_disease_report/full_report.pdf>). Physical and psycho-social impairments conspire to worsen the prognosis.^[@bib1]^ However, treatments focus on the medical perspective, rather than taking a holistic view of the patient experiences or patient-reported outcomes (PROs).^[@bib2]^ The quantification of these PROs has been started by the NIH PROMIS group ([www.nihpromis.org](http://www.nihpromis.org)) for the general population, but this may not apply to specialized diseases. One of the major chronic diseases is cirrhosis, which represent the end-stage of liver fibrosis. Most cirrhotic patients have co-morbid conditions that worsen the disease progression, or are direct complications of the disease process itself. Temporal trends in cirrhosis management have shown an improvement in overall survival but PRO analyses continue to show an immense psycho-social burden.^[@bib3],\ [@bib4]^ Although complications such as variceal bleeding are increasingly being controlled, hepatic encephalopathy (HE) remains an important issue. The diagnostic and treatment strategies for the overt form are generally well-outlined and agreed upon.^[@bib5]^ However, it is the silent epidemic of covert hepatic encephalopathy (CHE) found in the majority of tested cirrhotic patients, which is an unmet need ([Table 1](#tbl1){ref-type="table"}). CHE is associated with a higher progression to OHE, results in hospitalizations and death and is perhaps the single biggest contributor to impaired PROs in cirrhosis.^[@bib6]^ These include daily function, driving, socio-economic status as well as caregiver burden.^[@bib5]^ Most clinicians and researchers agree that CHE is important but logistic concerns prevent them from regular testing.^[@bib7]^ This is important because its treatment can improve PROs and medical outcomes.^[@bib8]^ Treatments for CHE are not cost-effective without testing given the adverse events, adherence issues, and expense.^[@bib9]^ Therefore treating every single cirrhotic patient for presumed CHE is not appropriate. Importantly, there is no laboratory or radiological covariate or physical sign that reliably points towards CHE similar to those recommended for other cirrhosis complications, i.e., hepatocellular cancer, esophageal varices etc. Part of the problem is the overabundance of testing strategies to diagnose CHE^[@bib5]^ that have failed to "cross-over" into clinical practice.^[@bib10]^ Therefore CHE represents an opportunity to increase the reach of tests that could benefit patients if applied as point-of-care. This example illustrates a condition where there is agreement that the condition is clinically relevant and logistic barriers prevent the adoption of this where it would help the maximum number of patients. Clinical situations similar to these are where newer methodology can have the most impact and should be sought out in other spheres of GI and Hepatology.

Why the specific test was chosen?
=================================

Before embarking on a plan, it is important to determine whether the proposed testing strategy has a theoretical basis for use in the situation of interest. For CHE, we used the Stroop test due to several reasons. It has been used since the early 1930s to diagnose cognitive dysfunction.^[@bib11]^ While a relatively simple paper-pencil test, its difficulty levels can be modulated towards higher and lower-functioning individuals. Cognitive domains engaged during Stroop testing are psychomotor speed, attention, and cognitive flexibility, most of which are also interrogated in the validated tests for CHE such as the Psychometric Hepatic Encephalopathy Score (PHES).^[@bib12]^ Since the PHES is copyrighted, converting it into an electronic interface would have required multiple permissions as well as a large standardization sample similar to its paper-pencil version. Also in the US, several components of the PHES are copyrighted and cannot even be ordered by a non-psychologist. Therefore a testing strategy that studies similar domains but a different approach was chosen. There is also precedent for the study of Stroop in HE in prior studies using paper-pencil and computerized administrations with good outcomes.^[@bib13]^ It was likely that that similar to most CHE tests, this would be a sensitive but not a specific test. Also it was recognized that patients with red-green color blindness would not be candidates and similar to prior reports, there would be correlation but not high concordance between different CHE testing strategies.^[@bib14]^ Therefore for CHE, there was precedent that it would be helpful, which should be the case when defining tests/approaches for other conditions.

Why an app?
===========

The smartphone and tablet revolution has truly modernized the patient--clinician interface.^[@bib15]^ Also in order to advance the acceptance and knowledge of CHE in the younger generation of clinicians and researchers, a tool that runs on platforms familiar with current investigators is necessary.^[@bib16]^ The need for such a tool was also informed by the author\'s interaction with several researchers and audience members, who bemoaned the lack of an App that could be administered and interpreted directly. A prior computerized non-App strategy, the inhibitory control test (ICT), was also studied by the authors extensively as an alternative to traditional testing.^[@bib17]^ This was made available for free but requires highly functional patients and was ultimately difficult for many subjects with cirrhosis. Also the ICT was not in App form, making it difficult to apply within the clinic, which also informed our strategies. An overall analysis of new technology development steps are in [Table 2](#tbl2){ref-type="table"}.

What preliminary investigations were needed?
============================================

The first step is always to study available Apps in the market and test their face validity, agreement across several platforms and acceptability of this strategy to our patients. This is presumed to be challenging since most cirrhotic patients are \>45 years and not as exposed to technology compared to people with other chronic diseases such as inflammatory bowel disease. We, however, had prior experience with ICT, which required familiarity with computers, so were confident that an App would work. For the first investigation, we chose to study not one but two gold standards, ICT and PHES, against a commercially available App.^[@bib18]^ This App was meant to be a game, had not been validated and was not customized for CHE. The first investigation was to perform this in healthy controls and cirrhotic patients in a cross-sectional manner. We found good sensitivity, specificity, and patient acceptance, and surprisingly found that the time required rather than the accuracy determined the ultimate differentiation between CHE and no-CHE patients. Therefore the first step was completed.

Customizing the app for che and research
========================================

Given the initial success of the Stroop in an App platform separating CHE and no-CHE patients, we had to create a custom-built App called the EncephalApp that focused on CHE.^[@bib19]^ This was performed by enlisting an App development company and consulting regarding further optimization. In our case, we used Mobelux based in Richmond due to their reputation as well as their proximity to our campus ([www.mobelux.com](http://www.mobelux.com)). The company and creators had several conferences to streamline the App. These included (1) creation of a script of instruction to be read verbatim at each point of the App (2) formalizing the practice runs and not allowing subjects to go onto the testing unless the practice runs were completed (3) reduce the inter-run time to make the App (4) make data entry and settings user-friendly and (5) to devise a novel method to directly transmit results via an Excel spreadsheet to any e-mail of the user\'s choosing. The total administration time was kept ranging between 3 and 5 min with five runs in the easy Off and relatively hard On state ([Figure 1a and b](#fig1){ref-type="fig"}). This was then beta-tested several times by at least three research coordinators for their input regarding administration ease and then administered to several healthy volunteers to get their initial feedback. After the initial kinks were removed, we were then ready to test this in a separate group of cirrhotic patients and controls.

Further optimization in new subjects
====================================

The next step was, in addition to testing the streamlined App, to evaluate it against clinically relevant outcomes that would encourage its use. For this again a fresh batch of cirrhotic subjects and age-matched healthy controls were recruited and also given the gold standard tests.^[@bib19]^ Test/retest reliability and administration via phone vs. tablet were also measured. The results showed good test/retest reliability and equivalence regarding mode of administration. The App was also found to correlate with driving simulator performance and responded to underlying changes in patients\' status with worsening after transjugular intra-hepatic porto-systemic shunting (TIPS) and improvement after hyponatremia correction. Age-based cut-offs were established but these needed further confirmation. The results confirmed prior experience that time rather than accuracy was the differentiator between CHE and no-CHE patients.

Multi-center and multi-national analysis
========================================

Further studies were needed with a larger sample size to predict the ultimate goal, development of OHE. This required four centers across the USA, with \>800 new subjects.^[@bib20]^ Of these there were 300 controls and rest were cirrhotic patients. The App was tested against PHES and ICT, and norms for all three modalities were created as a result for the USA. There was between site variability in the AUC for CHE detection using the App. However, the App results were able to predict the development of OHE within 6 months independent of MELD score and prior OHE status. Age, gender, and education-adjusted norms were also created. After these results the App was released for free on iOS since there was demonstration of its scientific validity in several hundred subjects. These results have prompted the translation of the App into several languages, including Mandarin, French, German, Arabic, Spanish, and Thai. The results of these initial experiences outside the USA are now coming out and will be presented in at the 17th ISHEN conference in India.

Increasing exposure and uptake of testing for che that is "real-world"
======================================================================

The first part of deciding what is abnormal is to define what is "normal", which may not be as easy as it sounds.^[@bib21]^ Norms for PHES, ICT, and EncephalApp Stroop, along with detailed methodology for administration and interpretation are on the website [www.encephalapp.com](http://www.encephalapp.com). The App was then also released on Android platforms after the initial iOS version was well-received. The Android version has greatly increased the reach of the App. Although it is important to discuss the App and its results through educational conferences, ultimately the scientific performance is what helps the uptake. Till date, the EncephalApp has been studied in more \>1,350 subjects published in four papers and has generated \>10 scientific abstracts and presentations.^[@bib18],\ [@bib19],\ [@bib20],\ [@bib22]^ The field of CHE research is moving towards improving the reach of these tests with newer versions of EEG and use of quality-of-life instruments to help define this.^[@bib23],\ [@bib24]^ At present in our center, EncephalApp testing through medical assistants and nurses is provided as standard of care to eligible subjects. The time for interpretation and administration is reimbursable as allowed for cognitive impairment detection.

Conclusions
===========

For any new technology or approach a detailed analysis between needs of the clinician, research, and patient population is needed. As Albert Einstein said "make things as simple as possible, but not simpler". Therefore acceptability and user-friendliness of a new technique needs to be balanced with its ultimate utility. A tilt towards reducing time required may reduce its discriminating capability and vice-versa. Ultimately a balance between scientific evidence and user-friendliness will guide the uptake of any new technology or approach.
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###### Needs assessment using CHE as an example

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Is this a condition that is clinical relevant?
  • Cirrhotic patients are living longer but not living better.
  • Covert HE is epidemic in cirrhosis and is key to defining patient-reported outcomes.
   
  Why are the current strategies and why are they not being applied widely?
  • Current tests usually require expertize, equipment or time, all of which are beyond the reach of clinical practices outside referral centers or research studies.
   
  Is there a published need for a simpler testing strategy?
  • The importance of CHE is acknowledged but logistic barriers to testing remain.
  • Therefore a point-of-care rapid strategy could increase CHE diagnosis rates.
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### Steps for validating new technology

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  • Theoretical basis for application into the field of choice needs to be clear.
  • Initial runs with current versions to determine acceptability and face validity, i.e., does it compare to gold standards?
  • If successful, then invest in making an interface most suited for your research that retains the scientific basis of the prior versions but makes it user-friendly.
  • Other forms of validation then are required (test/retest, external validity, and testing across different interfaces).
  • Further optimization from a logistic standpoint (continued feedback from users, expanding onto most available platforms, and ease of training and transmission of results using non-specialized staff).
  • Further optimization from a diagnostic standpoint (encourage multi-center and multi-national studies to define cultural differences in application of the results).
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
